In anticipation of a validation program for the use of chlorine dioxide (CD) 
Introduction
Biological decontamination of containment devices is a typical need within the health industry. Such devices, including biological safety cabinets (Kruse et al., 1991) , isolators, incubators, refrigerators, freezers, and laminar flow devices are designed at least in part to prevent undesired viable microorganisms of the ambient environment, such as bacteria, viruses, or fungi, from contaminating items stored within the device. Some of these devices, particularly biological safety cabinets (BSCs) and isolators are also designed to protect the surrounding environment from exposure to biological species that are intentionally manipulated within the device. Containment device decontamination may be needed for a variety of reasons. Disinfection of BSC and other work surfaces should be part of a laboratory's daily regimen. Devices may become accidentally contaminated through human error or by microorganism penetration from the local environment. Decontamination may also be required if a containment device were used for a line of research involving the use of a viable pathogen different from that of a prior program. If maintenance or repair work of a device required exposing its internal parts or surfaces, such as the replacement of a HEPA filter or blower in a BSC, decontamination may be required in advance of the work to protect the technician and laboratory environment from potentially viable pathogens that may be present within the device (National Sanitation Foundation, 2007) .
In several of the cases described above, surface decontamination involving the use of liquid chemicals may be insufficient (Hawley & Kozlovac, 2005) . Liquid disinfectants generally require direct contact with the biological contaminant, which may be impossible to achieve without disassembly of the containment device, as would be the case if one wishes to treat the internal surfaces, plenums, or parts of a device beyond a HEPA filter. Equipment disassembly is often not an acceptable option if performed prior to the decontamination itself. This is when gaseous decontamination may be required. To be successful, the gas disinfectant is required to penetrate all surfaces within the device, through HEPA filter(s) and into potential "dead-leg" regions that are formed when the device is sealed. Given a gas with appropriate decontamination properties, the process then requires a mechanism to ensure sufficient circulation, some degree of temperature and humidity control to facilitate the action of the gas, and appropriate sealing of the device to both permit sufficient concentration of the decontaminant and to protect the adjacent environs from the gas, which is generally dangerous to health at elevated exposure levels.
Formaldehyde gas has been one of the most common chemicals used for gas-phase decontamination of containment devices and of BSCs in particular. Within the United States this is generally created by the depolymerization of paraformaldehyde within the cabinet (Taylor et al., 1969) . This is performed following the humidification of the cabinet to between 60% and 85% RH (Hoffman & Spiner, 1970; Spiner & Hoffman, 1971) . Commonly, 0.3 g paraformaldehyde is used per 1 ft 3 (10.7 g/m 3 ) of cabinet volume, and the time for the BSC exposure should be at least 6 hours (Fink et al., 1988) . This is the only method of BSC decontamination that is already considered validated by National Sanitation Foundation (2007) , the organization, currently known as NSF International, that certifies the manufacturing and maintenance procedures for these devices. This validation results from prior studies with biological indicators (Fink et al., 1988; Munro et al., 1999; Taylor et al., 1969) . During the past decade the use of formaldehyde gas has begun to be replaced with other chemicals. Although formaldehyde meets the criteria of gas decontamination, having appropriate sporicidal capability, being easily circulated throughout the device, and having fairly good penetrability, there are drawbacks. Under typical conditions, a residue is left following the decontamination, much of which consists of paraformaldehyde (Ackland et al., 1980; Cheney & Collins, 1995; Luftman, 2005) . This is generally removed with an ammonia solution from visible, accessible surfaces following the decontamination. The remaining residue and absorption into certain porous materials generally leaves after sufficient aeration, but until then there is an unpleasant odor and the possibility that residual gas will have deleterious effects upon biological samples placed within the cabinet. In addition, formaldehyde is considered a carcinogen by the World Health Organization (IARC, 2004) , so effects from both its use during the decontamination and the presence of residuals after the decontamination are of concern. Furthermore, as of 1991, the use of formaldehyde gas as a decontaminant is formally authorized only when allowed a crisis exemption by the EPA, under the authority of the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) (U.S. EPA, 2007) . Several alternatives to the use of formaldehyde include hydrogen peroxide vapor, peracetic acid vapor, ethylene oxide, methyl bromide, and ozone (Joslyn, 2001; McDonnell, 2007) . All of these have sporicidal properties and present some advantages, as well as disadvantages, in comparison to formaldehyde.
The performance of disinfection by chlorine dioxide (Knapp & Battisti, 2001; Knapp et al., 1986) had gained notoriety by its application against anthrax spore contaminations at the Hart Senate Building and the Brentwood Mail Facility in Washington, DC, and of the U.S. Postal Service Trenton Mail Processing and Distribution Center in Hamilton, New Jersey (Haas, 2001; U.S. EPA, 2005) . Chlorine dioxide (ClO2) is a water soluble, yellowgreen gas with a boiling point of 11°C. Dissolved in water, it has been used as a germicide in water and food treatment and as a bleaching agent by the paper industry. CD is a selective oxidant reacting primarily with those organics that are highly reduced (e.g., alcohols, aldehydes, ketones, tertiary amines, and sulfur-containing amino acids) and thus is generally not as adversely affected by typical organic loads compared to other oxidants, such as hydrogen peroxide (Knapp & Battisti, 2001) . Its activity with bacterial endospores is believed to be primarily with cell membranes and not with DNA (Young & Setlow, 2003) . Unlike bleach or chlorine gas, CD is known not to form chlorinated by-products. As a selective oxidant it has also been shown to be compatible with most standard materials including stainless steel, anodized aluminum, Teflon, viton, polyethylene, polypropylene, and nylon. Some discoloration of uncoated copper and cold roll steel had been observed, comparable to what is seen when those materials are exposed to high-humidity environments. According to OSHA (2008) and ACGIH (American Conference of Governmental Industrial Hygienists) it has a permissible 8-hour exposure limit of 0.28 mg/m 3 (0.1 ppm). Han et al. (2003) experimented with initial concentrations of 4.3 to 29 mg/L (1,500 to 10,000 ppm) for up to 12-hour exposure, concluding that if the CD were not replenished, the higher limit of concentration might be required (1 mg CD gas per liter of air corresponds to a concentration of 347 ppm.) The Environmental Technology Verification study of CD (Rogers et al., 2004 ) used a relatively constant concentration of 5.8 mg/L with a 6-hour exposure. Based upon studies of the anthrax spore remediation in Washington, DC, the U.S. EPA had issued a crisis exemption for the use of CD at a total dosage of 26 mg-hr/L or 9,000 ppm-hr (U.S. EPA, 2005) , where "dosage" is determined by integrating the CD concentration over the duration of the exposure. Experiments and statistical modeling by Leighton et al. (2004) indicated that the probability of survival for a G. stearothermophilus (formerly referred to as Bacillus stearothermophilus) endospore was below 5 x 10 -6 for biological indicators with 10 6 spores and a CD dose of 1.4 mg-hr/L (9,000 ppm-hr) at 80% relative humidity. Jeng and Woodworth (1990) demonstrated a D value (the amount of time required for a 90% or 1-log reduction of a viable microorganism) for B. atrophaeus (formerly referred to as Bacillus subtilis var. niger) of 1.6 minutes using 2,500 ppm CD, with 10 6 spores deactivated within 15 minutes exposure. Leo et al. (2005) demonstrated 4-log reduction of B. atrophaeus in 30 minutes exposure to 1.0 mg/L and a similar reduction in 10 minutes with 3.0 mg/L CD (1,000 ppm). Luftman et al. (2006) , using a dose of only 1.2 mg-hr/L, successfully decontaminated an animal intensive care unit of volume 4,700 m 3 , as demonstrated with both B. atrophaeus and G. stearothermophi-lus indicators. Czarneski and Lorcheim (2008) , using unwrapped paper carriers with B. atrophaeus spores, report D values of 4.9 and 3.6 minutes with CD concentrations of 3 and 5 mg/L.
The efficacy of a gas phase decontamination is often demonstrated by the use of biological indicators (McDonnell, 2007; USP 31, 2008) . The endospore form of gram positive bacteria is understood to be the most resistant to chemical and most other methods of decontamination among the microscopic biological entities of typical concern in the laboratory, including gram negative and positive bacteria, mycobacteria, enveloped and non-enveloped viruses, fungi, and protozoa, but excluding prions (Favero & Bond, 2001; McDonnell, 2007) . Therefore, if one demonstrates that a gas phase decontamination cycle is effective at eliminating a suitably large population of endospores, it is likely to be effective at deactivating all the other viable microorganisms previously listed. A biological indicator (BI) for this type of application typically consists of some substrate material, such as paper, metal, glass, or ceramic, impregnated with a large population of endospores. Using a species that has been demonstrated to be particularly resistant to the method of decontamination being tested, as well as not being pathogenic, typically guides the choice of endospore (USP 31, 2008) . Bacillus atrophaeus has been generally used for decontaminations using dry heat, formaldehyde gas, and ethylene oxide gas. Geobacillus stearothermophilus has been used to test for sterilization by steam and hydrogen peroxide vapor and plasma. Bacillus pumilus is used for sterilization by radiation.
BIs are available commercially from several manufacturing laboratories (McDonnell, 2007) . The population of impregnated active spores as measured by the vendor is often on the order of 10 6 spores per BI. This permits the demonstration of a 6-log reduction of spore population by a decontamination method or the demonstration of the probability of spore survival by the specific decontamination of being less than one out of a million. BIs are typically packaged in some type of envelope consisting of glassine, Tyvek, Mylar, or paper, designed to facilitate handling and prevent ambient contamination to the indicator. The presence of an envelope may have an impact on chemical decontaminations, acting as a barrier to gas penetration or as an absorbent increasing the local concentration of sporicide and/or moisture at the BI.
Two general methods of analysis of BIs are associated with decontamination processes. One method, often referred to as "fraction negative," "fractionation," or "go/no-go," involves observing only if a BI has been sterilized or not sterilized by a decontamination event. In this method, a BI that has been exposed to a decontamination process is aseptically removed from its envelope, if present during the process, and placed into an appropriate growth-inducing broth, such as soybean casein digest. The media with BI is then incubated at a temperature appropriate for the bacteria species for 3 to 7 days. A clear broth, after that period, indicates that no bacterial growth ensued and that the BI had been sterilized by the decontamination. The appearance of particles or turbidity in the tube indicates that at least one spore survived the decontamination. Commercially available media mixtures will also indicate spore survival by the change of color from a chemical indicator added to the growth media. The fractionation method is fairly convenient, but is limited in that it does not differentiate between decontaminations that leave only one versus any other number of viable spores. The resulting analysis of a single BI, with an initial population of 10 6 spores as an example, will only give data indicating that at least a 6-log spore reduction occurred, or it did not. To obtain more information by this technique, BI replicates may be used, resulting in a fraction of BIs that show surviving spores, which, as long as this fraction is greater than 0 and less than 1, can be used to estimate a particular value for spore log reduction (Halvorson & Ziegler, 1932; Pflug et al., 2001; Shirtz, 2008) . Alternatively, BIs with different initial spore populations (i.e., 10 6 , 10 5 , and 10 4 ) may be used to bracket a value of spore log reduction for a particular process as long as it can be independently established that varying the spore population on an indicator does not alter the probability of survival of an individual spore.
The other general method of BI analysis, enumeration, involves the counting of surviving spores on a BI after the decontamination event. Typically performed using BIs with paper substrates, the BI is collected and removed from its envelope following the decontamination event and aseptically placed into a sterile, buffered solution. The BI is then macerated by some physical means, forming a fairly homogeneous solution containing spores and fragments of cellulose. A portion of this solution is added to a mixture of still liquefied media and agar for plating. After the agar plate has been incubated for an appropriate time, it is inspected for clusters of growing bacteria, or colony forming units (CFUs), each presumably generated by a single surviving spore from the BI. Dilution of all or a measured portion of the original macerated BI solution prior to its addition to the agar solution is in order so that the potential CFUs observed on the plate do not overlap and are countable. The dilution factor is then taken into account in determining the number of spores that likely remained viable on the BI. This value is then compared to the number of spores observed by enumeration analysis of similar BIs not exposed to the decontamination event (positive controls). One is then enabled to derive a value for the logreduction of that spore associated with the decontamination. This methodology potentially yields more information than the go/no-go method. However, it is more complex and sensitive to variations among the BIs prior to exposure, the quality of growth media and other chemicals used in the analysis, and the practices or ex-perience of the specific microbiological laboratory used to perform the analysis.
The motivation for this study arose from a need to determine the best BI and BI methodology for use in validating CD as an alternative gas decontaminant for BSCs. NSF International (2007) had previously authorized the use of only formaldehyde gas as decontaminant without validation requirements. The use of an alternative method, such as with hydrogen peroxide vapor, was authorized only if a validation had been previously performed for the specific make, size, and model of cabinet. A formal validation study of CD would allow the use of CD for all BSCs without further validation (Luftman, 2008 ). An appropriate methodology involving the use of BIs was required for this study. Similar studies have been performed for hydrogen peroxide vapor (Meszaros et al., 2005; Sigwarth & Stark, 2003) . It appeared that either Bacillus atrophaeus (BA, typically used for formaldehyde) or Geobacillus stearothermophilus (GS, typically used for hydrogen peroxide) could be an appropriate endospore species for the BIs with CD, based upon prior studies within the literature (Czarneski & Lorcheim, 2008; Jeng & Woodworth, 1990; Leighton et al., 2004) and within this laboratory (Luftman et al., 2006) . It was unclear which one if either of these would be preferable, based upon the endospore resistance to CD or result reproducibility. Similarly, the choice of appropriate substrate needed to be made. Paper might have provided a better challenge in that it allows for maceration and subsequent analysis by enumeration. Paper had also been used most often for formaldehyde validation, which was to serve as a standard of comparison for CD validation. However, metal substrates, typically used for hydrogen peroxide due to material compatibility issues, would avoid potential issues of decontaminant or moisture absorption which could skew analytical results. The choice of analytical method, between the relative ease of fractionation versus the possibly enhanced information derivable from enumeration, also had to be made.
This study represents an exploration of the use of BIs with CD gas decontamination and some comparisons made with formaldehyde gas decontamination. It offers a variety of insights into issues concerning the choice of BIs and the methodologies used that should be of practical value to other investigators within the field.
Materials and Methods

Decontamination
The CD decontamination experiments described in this work were performed within a Baker B60-112 Class A1 laminar flow biological safety cabinet (BSC), with the exception of those experiments specifically noted later in this paper. This BSC is 6-foot wide with an internal volume of 1.8 m 3 (72 ft 3 ). After placement of biological indicators, a humidity gauge, and a pan of water on a hot plate, the cabinet was sealed with plastic sheeting and/or tape. Humidity was increased within the BSC prior to decontamination by boiling water. CD gas was supplied through a port on the cabinet's front face, circulated through the BSC using a regenerative blower, and exhausted from beyond the clean side of the exhaust HEPA filter. The BSC blower would be periodically energized during humidification, decontamination, and subsequent CD removal. Initial studies involving GS BIs with fractionation analysis were performed within a fabricated Plexiglas box. This test chamber, with a removable top cover, has a volume of 0.057 m 3 (2.0 ft 3 ). Ports for supply and return of CD were located on the box front face as were ports for sampling the CD concentration. Humidity was supplied in this chamber through the use of a cold-water nebulizer. Visible light was generally minimized during decontamination cycles with both systems by turning off laboratory lights to limit light-induced decomposition of the CD.
With the exception of those trials related to data in Table 1 , CD was generated by the mixture of sodium chlorite and an inorganic acid in water through the reaction: 5NaClO2 + 4H + 4ClO2 + 2H2O + NaCl + 4Na + (The specific pre-mixed chemical formulation, obtained from ClorDiSys Solutions, Inc., is proprietary). The procedure generally introduced 4-6 mg CD per liter of chamber volume into the system over the course of an experiment. As generated, the CD gas was circulated through the test enclosure by means of a regenerative blower (Gast Regenair, Benton Harbor, MI) for generally the first 30 minutes of the decontamination cycle. Typically, the CD gas concentration attained a maximum value within 20 minutes and then gradually decreased at a rate dependent upon system leakage and gas decomposition. The concentration of CD was monitored in real time by the use of an ultraviolet spectrometer system (ClorDiSys Solutions, Inc., Lebanon, NJ) Chlorodox-EMS system tuned to measure light absorbance at a frequency characteristic for CD. The concentration would be monitored at prescribed time intervals during a decontamination cycle from which a CD dose or exposure in units of mghr/L would be calculated. Doses were varied by changing either the mass of CD introduced into the system or the duration of exposure, generally between 30 and 90 minutes. Prior work from this laboratory and in the literature (Czarneski & Lorcheim, 2008; Leighton et al., 2004; Leo et al., 2005) indicated that a "kill dose" corresponding to a 6-log reduction of B. atrophaeus spores on paper BIs in Tyvek envelopes is achieved at a level of 2.6 mg-hr/L (900 ppm-hr). Following the decontamination cycle, the CD would be removed by circulating the system gas through a charcoal scrubbing unit.
A series of experiments was performed using formaldehyde gas as the decontaminant. These were performed within a Thermo-Forma (Marietta, OH) 1284 type A2 BSC, with pre-humidification to above 65% RH. Stainless steel BIs (Apex Laboratories, Sanford, NC), impregnated with ~10 4 , 10 5 , and 10 6 GS spores and paper BIs (SGM Biotech, Bozeman, MT), with ~10 6 spores were placed within the workspace of the BSC. Following the standard protocol (NSF, 2007) , 0.3 g/ft 3 paraformaldehyde was depolymerized and left within the BSC for times shown in Table 5 . Following the decontamination period, the remaining formaldehyde gas was deactivated with ammonia gas (generated from decomposing ammonium carbonate). The BIs were then collected and analyzed by fractionation.
Biological Indicators
Biological indicators (BIs) in this study consisted of a substrate, such as paper or stainless steel, impregnated with either Geobacillus stearothermophilus or Bacillus atrophaeus bacterial endospores, and then enveloped in a pouch to keep it protected from other biological or particulate contaminants. All BIs used in this study were commercially obtained.
G. stearothermophilus (GS, ATCC# 7953) BIs on paper substrates were acquired from SGM Biotech (Bozeman, MT). They were nominally impregnated with 2-3 x 10 6 spores. Pouches were comprised of Tyvek on one side and Mylar on the other. The manufacturer recommended that these be stored at room temperature. GS (ATCC# 12980) indicators on stainless steel substrates were supplied by Apex Laboratories (Sanford, NC). These were supplied at three different levels of spore impregnation: 2-3 x 10 4 , 10 5 , and 10 6 endospores per disk. The stainless steel BIs were packaged in Tyvek pouches. The manufacturer recommended that these be stored under refrigeration and be brought to room temperature prior to use.
B. atrophaeus (BA) BIs (ATCC# 9372) were also acquired from SGM Laboratories, and as with the GS strips from SGM, had 2-3 x 10 6 spores, were packaged in Tyvek/Mylar pouches, and were stored at room temperature. Similar spore strips were also obtained from STERIS (Mentor, OH) (NRRL# B4418), which recommended storage at 2°-24°C. These were typically stored under refrigeration. The STERIS pouches were comprised of glassine, which previous investigators have found to significantly retard gas diffusion (e.g., Leighton et al., 2004) . When used in these experiments, these BIs were removed from the pouches and suspended bare within the test chambers. Apex Laboratories supplied BA (ATCC# 9372) indicators on stainless steel substrates. These were packaged in Tyvek pouches and to be stored under refrigeration.
BIs in Tyvek or Tyvek/Mylar pouches were generally either suspended within a test chamber from a paperclip inserted through an end of its envelope or were inserted between pleats of an exhaust or supply HEPA filter. When using bare strips, the end of an opened paper clip would be inserted through an end of the BI, and then the clip would be taped into its designated location. Bare strips were subsequently removed aseptically from their experiments and individually transported for analysis within sterile containers. BI recovery would generally occur within 1 hour after completion of a decontamination cycle.
BI analysis was performed using either the method of fractionation (go/no-go) or enumeration. For fractionation a BI was incubated within BBL Trypticase Soy Broth, supplied as 10 mL aliquots within sterilized tubes, at an appropriate temperature (30°-35°C for BA and 55°-60°C for GS BIs) for 3 to 7 days, and subsequently checked visually for no viable spores (broth appears clear) or for an unknown number of surviving spores (broth appears turbid or particles are seen). BIs were removed from their envelopes within an operating BSC Geobacillus stearothermophilus and dropped into media without having contact with any object aside from the interior surfaces of its pouch and the inside of the media tube. Bare BIs were in contact only with their clip and the broth tube. In enumeration studies, used here only for paper BI strips, all biological materials from a BI were plated onto agar and the number of colony forming units counted following a 3-to 7-day incubation period. This work was performed by one of two independent microbiological laboratories (Microbiological Environments, Bethlehem, PA and Accugen Laboratories, Inc., Willowbrook, IL). Each BI strip was transferred into 30 mL sterile Butterfield buffer solution, in preparation for maceration. Initial work by Microbiological Environments used a cell disrupter for maceration. When it was found that this method led to an incomplete recovery of GS spores, maceration was subsequently performed by adding sterile glass beads to the buffer solution, which was then shaken by hand for 3 to 5 minutes until the BI strip had been thoroughly macerated. If the BI was likely to be largely sterilized, all 30 mL of solution was then applied to agar incorporated with trypticase soy broth, initially at 45°C. For positive control strips, on which the population of viable spores would be on the order of 10 6 , the 30 mL solution was diluted 10-fold and only 1 mL of the resulting solution was plated.
Experiments were performed to evaluate whether residual CD remaining in the spore strip continued to inactivate spores after the intended decontamination cycle was complete. A 1.0 wt% solution of sodium thiosulfate (ST) was prepared using distilled water and then subsequently autoclaved for sterilization. Ten (10) mL aliquots were then distributed to pre-sterilized tubes. A BI to be neutralized would be immersed in the solution of one such, previously unused tube for 1 minute. The BI would then be transferred by forceps to a media tube for fractionation analysis or transferred to a dry sterile tube for transportation to the microbiological laboratory for enumeration analysis.
Incubation of media tubes or agar plates was performed at 30°-35°C for BA spores and at 55°-60°C for GS spores, as advised by the BI manufacturers. These plates were then studied for subsequent growth, generally 3 and 7 days following the onset of incubation.
Results
G. stearothermophilus and B. atrophaeus Enumeration
Initial work in this laboratory involved the generation of 2.6 to 6.6 mg CD per liter of BSC volume, with exposure durations of 30 to 120 minutes and relative humidity from 60% to 80% at or slightly above room temperature. Typically, the actual concentration within the Class A1 cabinet (Baker) exceeded the detection limit of 0.1 mg/L within 1 minute upon the initiation of the CD generation and continued to increase for 5 to 10 minutes. Upon reaching a maximum value, the concentration proceeded to decay for the duration of the exposure. This decay likely resulted from a combination of leakage and decomposition mechanisms. For these initial experiments, CD doses (the integral of CD concentration over time) varied from 1.5 to 7.7 mg-hr/L. Three to five bare GS strips with nominally 2 x 10 6 spores (STERIS) were placed at various locations within the cabinet including within the downstream side of the exhaust HEPA filter, within the upstream portion of the exhaust plenum, within the cabinet workspace, and beneath the workspace. Results from multiple runs are summarized in Figure 1 . Each data point represents the total number of Figure 1 S Surviving CFUs from BIs following Chlorine Dioxide Gas Exposure: All BIs were impregnated with ~2 x10 6 endospores of Geobacillus stearothermophilus. Each data point corresponds to accumulated results form 3 to 5 BIs from a single experimental run.
colony forming units (CFUs) from all BI strips used within an individual run, where each CFU corresponds to a single viable spore remaining after the decontamination cycle, for the CD dose of that experiment. A dose of greater than 4.3 mg-hr/L (1,500 ppm-hr) yielded less than 0.5 CFU per BI. When compared to BIs used as positive controls in each experiment, this result demonstrated log reductions of initial spore populations of at least 5.9 to 6.3. Lower CD exposures generally, but not always, resulted in more remaining viable spores.
In the next sequence of experiments, virtually no viable spores were found in several trials following very low CD exposures, inconsistent with prior results. Positive control BI strips continued to show initial CFU values consistent with the manufacturer claim. Using different lots or sources of BI strips and changing the method of maceration from a cell disrupter to manual shaking with sterile glass beads led to generally more consistent results.
The next experiment involved 32 BI strips simultaneously exposed to a relatively constant CD concentration of 5.0 mg/L for 5 minutes, corresponding to a dose of 0.4 mg-hr/L, while being held at 70% RH. (This exposure was performed using a ClorDiSys Solutions, Inc. Minidox-M Decontamination System within the ClorDiSys laboratory [Lebanon, NJ] . This system generates CD by the reaction of chlorine gas with sodium chlorite, with computer-controlled chlorine flow allowing the maintenance of a fixed CD concentration.) It was believed that this dose would be enough to reduce but not eliminate the population of viable spores on each BI. In this study, half of the BIs were GS and half BA. Furthermore, half of each type of strip were manufactured by STERIS and were removed from their envelopes prior to exposure. The remaining BIs were supplied by SGM and were left within their Tyvek pouches. The set of exposed BIs was split into four sets of eight, each set consisting of four pairs of STERIS BA, SGM BA, STERIS GS, and SGM GS BIs. Two of the four sets were immediately sent to two microbiological laboratories (referred to as Lab 1 [shipped overnight] and Lab 2 [hand-delivered]) for spore enumeration. The results from the strips delivered immediately after CD exposure is presented in Table 1 . Positive control (unexposed) BIs were included for the analyses. The remaining two of four sets of BIs were refrigerated immediately after gas exposure and then sent to the same laboratories 1 week later. No significant variation was found between these BI analyses and those from the BIs that had been sent to analysis the prior week.
Considering the BA results first, Lab 1 measured no viable spores from the exposed STERIS strips (this lab reported a minimum sensitivity of 10 CFU), but on the order of 10 3 viable spores from the SGM strips. Similar results were obtained from Lab 2. Thus, there appeared to be a difference in sensitivity to CD between the spore strips from the different vendors, but some reproducibility between laboratories. The GS results were quite different. Lab 1 showed similar survival levels from both the STERIS and SGM strips. Lab 2, however, produced on the order of 10 4 -10 5 less viable GS spores in their enumeration. All positive control measurements were within the limits suggested by the strip vendors, with the exception of the control for SGM GS when studied by Lab 2.
G. stearothermophilus Fractionation
The BIs used in the following experiments consisted of GS spores impregnated on stainless steel disks (Apex Laboratories). As described in a subsequent section of this paper, there was evidence that the porous cellulose BI substrates absorbed CD during an experiment's exposure and that this residual CD continued to deplete the number of viable spores during enumeration. Using fractionation for this experiment set and using BIs with stainless steel substrates avoided the issue of potential residual CD. These GS BIs were available with approximately 2 x 10 4 , 2 x 10 5 , or 2 x 10 6 endospores. It was anticipated that a semi-quantitative value for the degree of decontamination performed could be obtained by using all three types of BIs in an individual trial, rather than just learning if one had achieved a 6-log spore reduction if only BIs with ~10 6 spores had been used. In all reported experiments, these BIs remained within Tyvek envelopes during exposure.
Initial experiments were conducted within a 2-ft 3 test chamber. Humidity was supplied using an ultrasonicator, as boiling water for steam within the test chamber substantially increased the chamber temperature. Table 2 presents results from these studies. BA paper-strip BIs were included within several of these trials and were subsequently analyzed by enumeration (by Lab 2). All of the GS disks in the low-humidity trials with CD doses up to 2.0 mg/L were positive. The BA enumeration results are consistent with this and show an anticipated increased reduction but not elimination of viable spores with increased CD dosage. At the higher humidity range there was generally a 6-log reduction indicated by the GS disks at doses above 1.0 mg-hr/L, with notable and unexplained exceptions in those experiments with doses of 2.2 and 5.7 mg-hr/L. Enumeration of BA strips from those same experiments, however, showed no remaining viable BA spores, corresponding to a 6.5-log reduction based upon positive controls.
The GS disks were then used for decontamination trials within a Class A1 BSC (Baker). The BIs were placed within the upstream pleats of the exhaust and down-flow HEPA filters, below the BSC workspace, and within the positive-pressure plenum. Humidity was raised to 65%-75% RH prior to each trial by boiling water within the BSC. The results shown in Table 3 present the number of BIs testing positive for viable spores over the number of BIs used in that trial accumulated over all the locations within the BSC at which the BIs had been placed. All of the BIs with 2 x 10 6 spores returned positive, particularly at doses greater than 3 mg-hr/L that had previously been considered sufficient for a 6-log spore reduc- Relative Humidity 65%-75% np = not performed Table 3 GS BI disks in CD BSC experiment. Each ratio represents the number of positively testing BIs over the total number used within that trial. Humidity 65-75% RH. Given that the majority of the BIs with 2 x 10 5 spores tested negative at doses of 2.8 mg-hr/L and above, one would infer from these trials a log reduction between 5 and 6. These results are in contrast to those discussed for the test chamber, in which log-6 reduction was routine for doses greater than 2 mg-hr/L. We returned to the use of GS BI strips with cellulose substrates in further CD trials with the Class A1 BSC. The BIs (SGM, with pouches of Tyvek and Mylar) were placed at similar sites as in the prior experiments. Steam was again used to raise the humidity within the BSC prior to CD generation, generally in the range of 70% to 85% RH. Results are presented in Table 4 . No viable spores from GS strips were found at exposures greater or equal to 1.1 mg-hr/L. The positive strips found at 0.5 mg-hr/L had all been placed within the exhaust HEPA filter.
Upon observing the unanticipated positive results of the GS steel disk and paper BIs following CD gas exposure, it was decided to test the efficacy of formaldehyde gas on the same indicators. As will be noted within the Discussion, GS spores were believed to be fairly sensitive to formaldehyde gas. Results are summarized in Table 5 . In the trial with a 19-hour exposure, two of the SGM BIs were suspended bare within the BSC. Also within that trial, four paper BA indicators (SGM, ~10 6 spores) were also suspended. All four strips tested negative for viable BA spores following the decontamination. Thus, while the formaldehyde was effective as historically seen with BA, yielding at least a 6-log reduction of spores, the formaldehyde dose was insufficient to yield a 6-log reduction on the GS spores on the paper indicators and insufficient to yield even a 4-log reduction of GS spores from the steel disks.
CD Neutralization
To test if residual CD absorbed within exposed paper BI strips depleted spores that were still viable immediately after an intentional CD exposure, a series of experiments were performed in which a subset of exposed BIs were immersed in 1.0 wt% ST prior to microbiological analysis. ST, which has been used in experiments by previous investigators (Jeng & Woodworth, 1990) , is known to chemically reduce the chlorine within chlorine dioxide to its chloride form, which does not have biocidal efficacy. In one trial, 12 BA paper indicators were exposed to CD within the workspace of a BSC at a sublethal dose of 0.1 mg-hr/L. Sets of four BIs were analyzed via enumeration by Lab 2 at 1, 2, and 5 days following the decontamination. For each set of four, two strips had been submerged in the ST solution for 1 minute immediately after being taken from the BSC, prior to immersion into the growth media. These results are summarized in Table 6 . While there is a fair amount of variation among the measurements, generally there is about a factor of 2 more recovery of GS spores following the use of the ST solution than without it. Table 4 GS BI cellulose strips in CD BSC experiment. Each ratio represents the number of positively testing BIs over the total number used within that trial. Humidity 70%-85% RH. This phenomenon was further studied at a variety of CD doses. In this study, pairs of BA strips were placed within the BSC workspace and within its exhaust HEPA filter. For each sample pair, one BI was immersed in the ST solution upon removal from the BSC. All BIs were then immediately sent for enumeration analysis. These results are summarized in Table 7 . The data indicate that when there are surviving spores, their number is generally increased by the use of the ST immersion, further indicative of an effect from absorbed CD within the BIs if the CD is not subsequently reduced chemically.
Articles
B. atrophaeus Fractionation
This last experiment also showed that at least some surviving BA spores were present with exposures of up to 1.5 mg-hr/L. This is in contrast to the data shown in Table 4 , where CD exposures down to 1.1 mg-L/hr left no viable GS spores on paper BIs starting with a comparable spore population (10 6 ). Similar data had been appearing in fieldwork. Specifically, there were occasions when both GS and BA spore strips had been used for validation of a CD decontamination that BA spores had seemed more resistant than GS, particularly at lower CD exposures. It was thus decided to further explore the use of BIs with BA spores for CD validation. Fractionation studies were performed using BA indicators with stainless steel substrates (~10 6 spores, supplied by Apex Laboratories), again in an attempt to avoid issues regarding residual CD within BI material. Results for relatively greater CD doses are shown in Table 8 for both steel and paper BIs. The BA spores on the steel disks were significantly more resistant to deactivation than a Table 6 Survival (CFU) BA spores from paper indicators (~10 6 spores initially) following treatment with CD at 0.1 mg-hr/L, either with or without immersion in 1.0% sodium thiosulfate (ST Table 8 BA BIs in CD BSC experiment. Each ratio represents the number of positively testing BIs over the total number used within that trial. Humidity 70%-85% RH. Articles similar quantity of BA spores on paper substrates. BA steel disk indicators were also exposed to a standard formaldehyde gas decontamination cycle (0.3 g/ft 3 paraformaldehyde), which is known to produce generally at least a 6-log reduction of BA spores on cellulose strips. Of three such disks used within this trial, all tested negative to residual viable spores, in contrast to the CD results above.
Discussion Stainless Steel versus Paper Substrates for Biological Indicators
The contrast between the decontamination of bacterial spores on steel and paper substrates deserves consideration. As noted within the results above, log-6 reduction of BA and GS spores on paper substrates was typically demonstrated within BSCs with CD doses greater than 2 mg-hr/L. However, all GS steel disc BIs with 2 x 10 6 spores tested positive after CD exposures up to 6.3 mg-hr/L, as did some disks with 2 x 10 5 spores. Half of the BA discs with 2 x 10 6 spores tested positive with CD exposures of 7.3 mg-hr/L. Greater resistance of BA to decontamination on steel versus paper substrates has been previously reported (Munro et al., 1999) .
Understanding the GS disk results is complicated by the variation of manufacturer-measured "D values" among the disks of differing initial spore populations. The D value of a BI is the mean time required by some specified decontamination method to reduce a viable spore population by a factor of 10 (Pflug et al., 2001; Shirtz, 2008) . This parameter arises from the assumption that the deactivation of spores under decontamination conditions is a first order process, i.e., that the kill rate at any moment is proportional to the current population of surviving spores. For Apex BIs, these are measured using hydrogen peroxide vapor decontamination, while other BIs are often tested under autoclave or dry heat conditions. It is common to find some variation among different BI lots of a given manufacturer. Generally, the D values for the Apex 2 x 10 4 and 2 x 10 5 disks are comparable, in the vicinity of 0.3 minutes, while that of the 2 x 10 6 disks is on the order of four times greater. It has been demonstrated that these spores are generally deposited as a monolayer (i.e., only one spore deep) on steel substrates (Dalmasso, 2007; Deguchi et al., 2003) . As manufactured, the areas of the spore spots are similar among the different doses. Therefore, the areal (2-dimensional) concentration of spores increases by a factor of 10 as one increases the number of deposited spores by a factor of 10, and the average separation between spores decreases by 10 ½ . To be more specific, if there are 2 x 10 6 spores deposited upon a circular region of 4 mm, the mean separation between spores is ~5 m, while for 2 x 10 5 spores this separation is ~16 m. The mean diameter of a GS spore is on order of 1.125 m (Mönch et al., 1999) . Thus, for BIs with the greater spore population, the mean separation between uniformly deposited spores is on the same order as the spore size, while on the order of 10 times the spore size at the lower deposited population. There is evidence that at the higher concentrations a degree of 2-dimensional islanding of the spores occur (Dalmasso, 2007) . With chemical decontamination by gas, such islanding restricts the access of gas to the surface of a spore and thus retards the decontamination process. Even if a spore adjacent to a viable spore has become deactivated, its residue may continue to partially shield the viable spore. Although such experiments were not performed in this work, it is suspected that there would have been substantially better kills of GS spores if disks initially had 10 6 spores distributed over a larger area and thus with more separation among them. A similar geometric issue may have affected the results with the steel disk indicators having 10 6 BA spores as well, although BA spores are smaller than GS spores, being rods with mean length of 1.2 m and width of 0.65 m (Zandomeni et al., 2005) . While spores are typically limited to a single plane on the steel disks, on paper strips the spores are distributed over the topography of cellulose fibers (McCauley & Gillis, 2007) . If spores are deposited on spots of similar diameter on steel and paper substrates, allowing the spores to spread somewhat in the third dimension on paper allows for greater separation among spores. This, in turn, would permit enhanced access and contact to the spores by a deactivating gas. This suggests an explanation for the relative success of both GS and BA spore deactivation by CD gas on 10 6 paper substrate compared to 10 6 steel substrate BIs. There is an alternative explanation for this relative success that should also be considered. As successful CD decontaminations are typically run at elevated humidity, between 60% and 80% RH, some moisture possibly may be absorbed by paper substrates during the decontamination. This would be less likely on steel as long as the humidity is below 100% RH. CD is soluble in water, and at 35ºC the concentration of CD in water is approximately 27 times as great as in adjacent gas when at equilibrium (Knapp & Battisti, 2001 ). Thus, it is possible that there is a higher local concentration of CD to spores on paper substrates than on steel substrates, which would lead to greater efficacy at deactivation. Even without excess moisture, there is evidence of adsorption of CD into paper substrates that may subsequently reduce the number of viable spores during the incubation. Such an effect has been reported for CD (Jeng & Woodworth, 1990) and formaldehyde (Everall et al., 1982) . For this reason, later validation studies for CD decontamination include a CD deactivation step consisting of the immersion of the BI into a sterile 1.0 wt% ST solution prior to its addition to growth media, as has been done by previous investigators (Han et al., 2003; Jeng & Woodworth, 1990 ).
Variability of Enumeration Results for GS Paper Biological Indicators
Examining only the enumeration results from the GS BIs on paper substrates, these experiments showed an unanticipated degree of variation among the studies (Table 1) . Several sources for this variation were considered. Considering the biological indicator itself, differing manufacturing methods or different types of paper may result with different amounts of 3-dimensional islanding, or clumping, of spores on the substrates (Shintani & Akers, 2000) . As in the prior discussion of 2-dimensional islanding on steel substrates, clumping would likely lead to greater resistance to gas treatments. The D values given by manufacturers for most papersubstrate BIs are measured using physical means of decontamination, such as autoclaving or dry heat. In such cases, spore deactivation is less likely to be affected by clustering. Thus comparable D values between different paper BI lots may still result in variability in efficacy of gas decontamination if there were differing degrees of clumping. Even for a specific manufacturer, some variability in manufacturing between lots is likely. There is also variation among the ways that vendors suggest storing BIs upon receipt, with suggestions of storage at room temperature, at refrigerated temperatures, or at either. We have seen no clear recommendations concerning storage humidity. It is speculated that the method of BI storage may affect the resistance level of that spore to chemical deactivation. An environment that might promote some rejuvenation of endospores to bacteria in their vegetative state would create a population of viable microorganisms less resistant to gas decontamination. In this study, the recommendation of a vendor for storage of its BI was generally followed.
The second area of variability arises from the enumeration analysis. Different microbiological laboratories may have differences in how they prepare BI cultures. As an example, one laboratory with which we had worked macerated BI strips by exposing the strip in a buffer solution to an ultrasonic probe. It was later found that this method would reduce the population of GS spores on a non-decontaminated BI strip by as much as a factor of 10 when compared to maceration performed using glass beads. Such a spore reduction had not been observed with BA spores exposed to an ultrasonic probe. If GS spores are first exposed to an elevated humidity and a dose of CD that is insufficient to sterilize the strip, it is probable that the partially rejuvenated or weakened surviving spores would be more vulnerable to deactivation when using the probe versus beads for BI maceration. Thus, the surviving viable population would not be indicative of the CD exposure alone. Other aspects of the procedure within a microbiological laboratory that may cause variability on the surviving bacteria population include the choice of growth media, whether or not heat shocking is used as part of the sample preparation, how or whether dilution is performed in the process, details of the incubation process, and the method of identifying and counting colonies after incubation is completed. Related sources of variability are the periods of time elapsed between exposure of BIs to the decontamination event and arrival at the microbiological laboratory, and the lapsed time to further steps involved in sample preparation. Dalmasso (2007) has recommended that the duration between the decontamination event and the placement of BIs into media be no more than 24 hours, as spores weakened but not killed during the gas exposure may lose their viability if out of solution for too long.
Ideally, a BI control would be developed that tests for reproducibility of resistance to chemical decontamination. Such controls could be used to test for unintended variability of decontamination conditions or of microbiological laboratory methodologies. Preparing such a "partial-negative" control would involve a decontamination cycle that would reduce but not eliminate a BI's viable population to a reproducible population. We attempted this, exposing 10 "identical" BIs to the same partial decontamination cycle. Unfortunately, we observed limited reproducibility among strips whose enumeration analysis commenced immediately after the decontamination, and further variability when other strips had their analysis started a few days after the decontamination, having been stored under refrigeration during the interim. Variation observed after storage supports the issue raised above concerning minimizing the time between strip exposure and placement in media. Unless a very controlled and reproducible method exists to perform partial decontaminations, it is not clear how such controls would be prepared.
Humidification Methodologies
The data from GS BIs in the test chamber (Table 2) compared with the BSC (Table 3) showed significantly better decontamination while using similar CD doses and at nominally similar humidity. It is believed that the difference in results arises from how the humidity was generated in the two cases, where a water mist from a nebulizer was used in the former, while steam from boiling water was used in the latter. It is likely that microscopic water droplets from the mist soaked the Tyvek pouches of the steel BI disks, which did not happen with steam. This wetting would lead to the possibility discussed above that CD gas would dissolve into such liquid and thus bring a greater local concentration of CD near the BI spores than is encountered if only the CD gas were present. Jeng and Woodworth (1990) previously noted such an effect. Thus, in addition to the measured value of the relative humidity during the decontamination, the method of creating the humidity is also a process variable that affects decontamination results.
Formaldehyde Gas Decontamination
It was believed to be common knowledge at the onset of this work that BA spores were more resistant to deactivation by formaldehyde gas than any other commonly available endospores, particularly that of GS. It was further believed that this was the reason why BA spores have been historically used for validation of formaldehyde gas decontaminations (Fink et al., 1988; Taylor et al., 1969) . However, as noted above (Table 5) , GS indicators with both steel and paper substrates were particularly resistant to formaldehyde exposures used routinely in the industry. Simultaneous exposure to BA indicators produced the expected negative results indicative of at least a 6-log viable population reduction. This level of population reduction was also seen from the BA steel substrate indicators. A more thorough reading of the literature gives support to this result. Munro et al. (1999) concluded that self-contained BIs with GS were a better indicator of formaldehyde decontamination failure than using BA on paper strips, while BA was more resistant on steel substrates at humidity less than 60% RH. Everall et al. (1982) observed virtually no full deactivations by formaldehyde of BIs with 10 6 GS spores. Cheney and Collins (1995) have suggested that for formaldehyde decontaminations BA is a more sensitive indicator to show sufficient humidification, while GS is more sensitive to the amount of formaldehyde.
The contrast between the efficacies of formaldehyde and chlorine dioxide gas should be particularly noted. With moderate exposure, CD is effective at producing 6-log reduction of both GS and BA spores on paper substrates. Formaldehyde is effective with BA on paper, but not GS on paper. Neither CD nor formaldehyde was effective with GS steel disks loaded with 10 6 endospores. However, with BA steel disks loaded with 10 6 endospores, formaldehyde was effective while CD was not. The mechanism of decontamination for CD, as with peroxide decontaminants, is associated with the chemical oxidation and resulting degradation of the spore cell wall, while the mechanism for formaldehyde, as with ethylene oxide, is associated with the methylation of nucleic acids (Joslyn, 2001; Young & Setlow, 2003) . Beyond this observation, it is outside the scope of this work to speculate on the cause of the different results observed between these gases on the BIs used.
Comparison Between the Use of GS and BA Paper BIs for CD Decontamination Although substantial variability was found for partial or sub-lethal decontaminations using CD on GS paper BIs, much less variation has been noted among enumeration results observed for similar decontaminations using BA BIs. Table 1 shows in that study variation among results for different BI vendors, but much less variation among different microbiological laboratories. Relative stability of surviving spore population days after a partial decontamination exposure was also observed with BA, as can be inferred from Tables 6 and 7. It remains unclear as to whether GS or BA endospores are more resistant to CD decontamination, or if even a simple answer exists to this question. Our laboratory has had prior experience with a CD decontamination of a building in which there were more surviving GS spores than BA spores among BIs (Luftman et al., 2006) . However, in a separate event involving a greater CD exposure over a shortened duration, more BA spores survived than GS. The literature also shows inconsistency in the relative resistance of these species to CD, with Jeng and Woodworth (1990) showing nearly equivalent values, Czarneski and Lorcheim (2008) indicating that BA is more resistant, and Leighton (2004) suggesting that GS is the more resistant species. It is speculated here that the ordering among resistances of different spore species to a particular gas is dependent upon a variety of experimental factors including the gas dose, the time of exposure, the temperature, and the relative humidity present during an experiment. From this laboratory's limited work, it appears that BA is more resistant than GS for CD doses corresponding to less than a 5-log reduction of viable spores, while GS is more resistant when CD exposures yield closer to a 6-log reduction.
Both factors above were considered in recommending which spore species to use for the NSF International validation study of CD decontamination of BSCs, alluded to in the introduction of this paper (Luftman et al., 2008) . The GS results tended to have higher variability and the two species had comparable resistances, leading the NSF task force directing this validation program toward the use of BA spores for the study. In addition, BA spores have been routinely used for the validation of decontaminations using formaldehyde gas, which is the only method of gas decontamination already considered validated by NSF International (2007). Finding the "most resistant" endospores species in choosing an optimum BI for the validation of a gas decontamination process is an unrealistic goal, as one is generally likely to be able to find some species more resistant than the latest "most resistant" choice. The more rational criterion is to choose a type of BI and species that are more resistant than any viable microorganism likely to be encountered within "real world" BSCs (USP, 2008) . Both BA and GS meet this criterion for CD. In particular, both species have been shown to be more resistant to CD gas than spores of B. anthracis, one of the most resistant viable pathogens currently studied within government and other research laboratories (Rogers et al., 2004) . Naturally forming spore clusters are also atypical within BSCs, indicating that optimal BIs should not have spore clustering or islanding if they are to simulate standard environments. Ultimately, the NSF International task force associated with the validation of CD for BSC decontamination has decided that CD gas should be validated using BA spores on paper substrates, in large part because that species was what had been used in the validation of formaldehyde gas as a decontaminant (Fink et al., 1988) .
Conclusion
The use of BA and GS endospores for biological indicators of CD and formaldehyde gas decontaminations of BSCs has been studied. The following lists some of the observations made in the CD studies:
• Enumeration analysis of paper GS BIs proved to be too unstable to be used to monitor CD decontamination. Significant variation was found among analyses using BIs from different vendors, different lots of BIs of the same vendor, and using different commercial microbiological laboratories. In several cases no surviving spores were detected under decontamination conditions that were known to be insufficient to deactivate the entire BI.
• Fractionation analysis of paper GS BIs showed CD to be 100% effective down to exposures of 1.1 mg-hr/L.
• Fractionation analysis of GS on steel disks showed that targeted standard CD conditions (5-7 mg-hr/L) were generally not effective against discs with ~10 6 spores, more than 70% effective against discs with ~10 5 spores, and more than 90% effective against discs with ~10 4 spores. The greater resistance from the steel BIs is believed to be due in part to spore islanding.
• Enumeration analysis of paper BA BIs was significantly more repeatable than the similar GS analyses. This method produced rational variation in the results of spore survival for CD doses between 0.1 and 2 mg-hr/L. A significant difference between the resistances of spore populations among strips from different vendors was observed. CD remaining absorbed within the BIs following the gas exposure has some effect on BA survival.
• Fractionation analysis of paper BA was 100% effective at 2.5 mg-hr/L.
• Fractionation analysis of BA on steel disk BIs with 10 6 spores showed sterilization of ~50% of the BIs at the targeted standard CD conditions.
In comparing the efficacy of CD gas to formaldehyde gas with these BIs, we noted the following:
• Under "standard" conditions, both CD and formaldehyde are successful with paper BA BIs having 10 6 spores.
• CD but not formaldehyde will sterilize GS paper strips with 10 6 spores and GS steel disks with 10 4 spores.
• Formaldehyde but not CD will sterilize BA steel disks with 10 6 spores.
• Neither CD nor formaldehyde will sterilize GS steel disk BIs with 10 6 spores. CD showed some success, while formaldehyde had no success with disks having 10 5 spores.
On the basis of this study, the NSF task force decided that biological indicators consisting of ~10 6 Bacillus atrophaeus spores on paper substrates were to be the standard used for the validation of chlorine dioxide gas in the decontamination of biological safety cabinets. Nevertheless, the unexpected degree of variability found in much of this study indicates a need for more work in characterizing how biological indicators can and should be used in the monitoring of gaseous chemical decontamination of biological entities.
